Animals can have both positive (e.g. via seed dispersal) and negative (e.g. via herbivory) impacts on plants. The net effects of these interactions remain difficult to predict and may be affected by overhunting and habitat disturbance, two widespread threats to tropical forests. Recent studies have documented their separate effects on plant recruitment but our understanding of how defaunation and logging interact to influence tropical tree communities is limited. From 2013 to 2016, we followed the fate of marked tree seedlings (n ¼ 1489) from 81 genera in and outside experimental plots. Our plots differentially excluded small, medium and large-bodied mammal herbivores in logged and unlogged forest in Malaysian Borneo. We assessed the effects of experimental defaunation and logging on taxonomic diversity and plant trait (wood density, specific leaf area, fruit size) composition of seedling communities. Although seedling mortality was highest in the presence of all mammal herbivores (44%), defaunation alone did not alter taxonomic diversity nor plant trait composition. However, herbivores (across all body sizes) significantly reduced mean fruit size across the seedling community over time (95% confidence interval (CI): 20.09 to 20.01), particularly in logged forest (95% CI: 20.12 to 20.003). Our findings suggest that impacts of mammal herbivores on plant communities may be greater in forests with a history of disturbance and could subsequently affect plant functional traits and ecological processes associated with forest regeneration.
Introduction
Vertebrates are in decline across the tropics, driven by habitat loss and unsustainable hunting [1, 2] . The loss of these taxa ('defaunation') from forest ecosystems has important consequences for plant regeneration [1, 3, 4] because many are seed dispersers, herbivores or seed predators. Defaunation seldom occurs in isolation-disturbances such as logging are widespread and can induce dramatic changes in tree communities [5, 6] . Species interactions can vary strongly with ecological context [7] and the impacts of defaunation on plant communities may differ where abiotic conditions have been altered by logging compared to undisturbed forests. But while the effects of defaunation [8] and logging [9] on plant dynamics have been assessed separately, we have little understanding of their combined impacts or whether they might interact synergistically.
Mammals have positive (e.g. seed dispersal, pollination) and negative (e.g. herbivory, granivory) effects on plants, making it difficult to predict the net effects of defaunation and logging on plant recruitment. Defaunation can reduce seed predation and herbivory, thereby increasing seedling survival [10] . On the other hand, the loss of large animals could reduce seed dispersal [11] or lead to compensatory increases in granivory by smaller vertebrates [12] . Logging can reduce both seed removal [13] and seedling predation by vertebrates [14] , suggesting that the effects of defaunation could fundamentally differ in logged versus unlogged forests [15] .
Our incomplete understanding of the consequences of disrupted plant-animal interactions makes it difficult to predict whether impacts on particular plant species will alter community composition or ecosystem processes. Recent evidence suggests that the loss of vertebrate herbivores in tropical forests can affect plant taxonomic diversity [8, 16] and the distribution of functional traits in seedling assemblages [17] . However, these patterns are not well explored in isolation nor in combination with habitat disturbances such as logging.
At least three important plant traits could be affected by defaunation and logging: fruit size, wood density and specific leaf area (SLA). Declines in large frugivores have led to reduced dispersal and recruitment of large-fruited plants in some areas, altering community composition in favour of small-seeded species [18, 19] . Wood density is positively associated with aboveground carbon storage, and mean wood density in logged forests can be lower than in unlogged areas [20] . SLA scales positively with relative growth rate [21] . Fast-growing, short-lived, abiotically-dispersed taxa have high SLA, whereas SLA is usually lower in slow-growing, long-lived vertebrate-dispersed taxa. Defaunation may increase mean SLA if fast-growing, poorly defended plant taxa become more prevalent [22, 23] .
Because the cascading impacts of defaunation on plant traits and diversity are subject to many confounding factors [24] , understanding the cascading impacts requires the use of experimental manipulations. Studies using exclusion plots provide valuable insights into how local factors may affect plant communities. Recently, exclusion experiments in the Neotropics demonstrated that vertebrate herbivores increase seedling diversity overall, but have species-specific effects on traits such as wood density and seed mass [8, 17] . Together, this suggests that vertebrates can influence seedling recruitment [25] , as well as forest diversity and functional composition [8, 17] .
We assess the combined impacts of terrestrial mammal herbivores (hereafter 'mammal herbivores') and habitat disturbance on tree seedling composition using experimental exclosures in logged and unlogged forest in Malaysian Borneo. From 2013 to 2016, we monitored how the loss of different animal groups affected taxonomic diversity and distribution of key morphological traits among seedlings. This provides a unique assessment of how two widespread human impacts, logging and hunting, individually and jointly affect the diversity and function of tropical plant communities.
Methods (a) Study system
The Danum Valley Conservation Area (DVCA, N 5.101898/ E 117.6888) and Sabah Biodiversity Experiment (SBE, N 5.167278/ E 117.5648), in Sabah, Malaysian Borneo are part of the Yayasan Sabah Forest Management Area (YSFMA). Trees from the family Dipterocarpaceae dominate primary lowland forests in this region and reproduce in mast fruiting events every 2 to 10 years [26] . Our unlogged forest site, the DVCA (438 km 2 ), is a 'totally protected' Class 1 forest reserve. It is the largest expanse of intact lowland dipterocarp forest in Sabah (and among the largest in Asia) with no history of logging [27] . Our logged forest site, the SBE (25 km north of the DVCA), was logged for dipterocarp trees greater than 60 cm diameter at breast height (dbh) in 1984 and 1986 with tractors and high lead cables [28] . From 1999 to 2007, forest adjacent to the SBE (the Malua Forest Reserve, 335 km 2 ) was re-logged for trees greater than 40 cm dbh, although the SBE was not [28, 29] .
We detected several mammal herbivores in a concurrent camera trap study [15, 30] . These included chevrotains (Tragulus napu, T. javanicus), porcupines (Hystrix brachyura, Trichys fasciculata, Thecurus crassipini), muntjac (Muntiacus muntjac, M. atherodes), Bornean pygmy elephant (Elephas maximus borneensis), sambar deer (Rusa unicolor) and bearded pig (Sus barbatus; electronic supplementary material, table S1.1). Detections were lower in 2013, a non-dipterocarp mast year, than in the 2014 and 2015 mast years [30] . Bearded pigs, muntjac and chevrotains were the most frequently detected species [30] . Occurrence rates for porcupines, bearded pigs, muntjac and chevrotains were higher in unlogged than in logged forest [30] . Elephants, thought to be locally common in northeastern Sabah [31] , were infrequently detected in our study area [15] . Findings from elsewhere in Sabah suggest that elephants may be more prevalent in logged forest [32] .
(b) Field experiments
We established three experimental blocks in the unlogged and three in the logged forest. For details regarding exclosure construction refer to Granados et al. [15] . Each block consisted of four treatments (electronic supplementary material, figure S4.1). Treatment plots measured 7 Â 7 m each and excluded: (i) all mammal herbivores (elephant, deer, bearded pigs, porcupines, chevrotains), (ii) elephants only, (iii) small herbivores only (porcupines, chevrotains), or (iv) no mammal species (control). Arrangement of treatments in each block was randomly assigned. Deer and pigs could not be excluded without simultaneously excluding elephants.
In 2013, we marked 1489 tree seedlings (less than 1 m high at breast height and less than 1 cm circumference) using aluminium tags containing unique identification numbers. Seedling height was measured to the apical meristem. Tagged seedlings were identified to genus as distinguishing among congeners was difficult even for an expert botanist (M. Bernadus 2013, personal communication). In 2014 and 2015, seedlings were re-surveyed twice a year, within three-month intervals. Seedling plots were revisited in 2016, approximately 10 months after the second 2015 survey, resulting in a total of six surveys. At each survey after 2013, seedlings were recorded as 'alive', 'dead' (broken stem or tag unattached) or 'missing' (could not locate tag). We searched for previously missing seedlings in subsequent surveys. Seedling heights were re-measured at each survey.
To determine whether plant traits inside our experimental plots changed over time or in association with logging or mammal exclusion, we obtained wood density (g cm , and fruit length (mm) trait values for genera from the TRY Plant trait database (http://www.try-db.org), the Dryad Digital Repository (http://www.datadryiad.org), and unpublished sources (electronic supplementary material, S2). Seed mass is a common indicator of size-dependent seed dispersal [18] ; in the absence of available seed mass data for several plant genera in our study area, we use fruit size as an indicator of shifts in size-dependent seed dispersal.
We determined community-weighted mean (CWM) trait values in each treatment of each experimental block at each survey period. CWMs are the mean trait values across genera, weighted by the relative abundance of each genus in the community [33] . The use of weighted means incorporates information on the distribution of a given trait in communities and can predict ecosystem function better than functional diversity indices alone [34, 35] .
(c) Data analysis
We used linear mixed effects models (LMMs) to determine the influence of exclusion treatment (a factor with four levels), forest type (a factor with two levels: logged and unlogged), and survey rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172882 period (an ordinal variable) on Shannon diversity [36] and CWM plant traits (wood density, fruit length, SLA). Continuous variables were log-transformed. All models included a random effect for experimental block (a factor with six levels) nested in forest type. 'Dead' seedlings were removed from analysis, reducing the number of living seedlings with subsequent samples. LMMs were used to assess the effects of survey period, exclusion treatment and forest type on seedling growth (see the electronic supplementary material, S3, S4.3 for detail). General linear mixed effect models (GLMMs) were used to model overall seedling mortality as a function of exclusion treatment and forest type, with mortality modelled as a binary response (alive or dead). Statistical analyses were run using R v. 3.2.4 [37] . Shannon diversity indices were generated using the vegan package [38] . Rarefaction curves for genus richness were made using the INEXT package [39, 40] to compare initial and final richness across treatments and forest type.
We ran separate models for each plant trait with CWMs modelled as a function of forest type, exclosure treatment and survey period. Seedling communities in our experimental plots may have shown initial variation in these traits (i.e. unrelated to experimental treatment), so we determined treatment effects to be significant if treatment Â survey period interactions were significant; this would suggest that exclosure treatments induced changes in mean trait values. We also investigated whether mean fruit size was differentially affected by forest type, exclosure treatment and survey period based on seed dispersal syndrome (abiotic or zoochorus) of seedling taxa. Finally, we assessed whether mean trait values and taxonomic diversity (number of genera) differed between logged and unlogged forest at the onset of our study. Mixed effect models were run using the lme4 package [41] . figure   S4 .2) than in control plots. When grouped by dispersal syndrome, mortality for genera with abiotic seed dispersal was highest in control plots (b ¼ 1.68; CI: 0.49 to 2.87). For genera with zoochorus seed dispersal, mortality in control plots was higher in logged than in unlogged forest (b ¼ 1.00; CI: 22.69 to 20.08).
Results
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Discussion
Mammal herbivores can promote tree recruitment by dispersing seeds or impede recruitment by consuming or trampling seeds and seedlings. The net result of these interactions remains unclear, making it difficult to predict the ecological ramifications of defaunation. Large-bodied mammals may be particularly important for the dispersal and regeneration of non-dipterocarp trees with large seeds and fruits [42] . Our results suggest that the presence of mammal herbivores could be detrimental to seedlings from large-fruited genera. Benefits associated with large-seededness (e.g. resistance to drought and physical damage, enhanced survivorship [43] ) may end after establishment if animals forage selectively for large-fruited seedlings. Similar patterns of size-dependent herbivory among mammals were documented in South America [16] . Though reasons for selective herbivory of large-seeded seedling taxa are unclear [16] , medium-and large-bodied mammals in our study area may exhibit similar preferences. The negative impacts of herbivores on large-fruited seedlings were greater in logged forest. Our results are contrary to findings in Panama where large-seeded taxa were less prevalent in protected forest relative to hunted sites [44] . The likelihood of herbivores encountering a range of large-fruited seedling taxa was greater in logged forest where seedling diversity was higher. By contrast, animals may encounter dipterocarp seedlings more frequently in unlogged forest, given the dominance of this tree family. Our results suggest that vertebrate effects on some plant traits may be greater in areas with habitat disturbance, potentially affecting future life stages. For example, findings in Thailand show that overhunting of tropical vertebrates can reduce seed dispersal and seedling abundance, subsequently reducing tree population growth rate [45] . A better understanding of how animals affect plant communities via changes in functional traits and taxonomic diversity is important for predicting the impacts of multiple anthropogenic disturbances on forest regeneration.
Short-term experimental defaunation did not lead to changes in taxonomic seedling diversity. Our findings are consistent with those from Brazil [46] and Bolivia [10], but contrary to results from Mexico [8] , where diversity decreased with animal exclusion. Animal-dispersed species comprise a greater proportion of trees in the Neotropics and the loss of animal seed dispersers may restrict seed dispersal, subsequently lowering taxonomic seedling diversity [8, 20] . By contrast, the effects of defaunation on diversity in Southeast Asia may be limited because of the dominance of dipterocarp taxa, which are abiotically-dispersed [20, 47] . Strong vertebrate impacts on tree diversity elsewhere could, in turn, affect forest carbon storage via shifts in mean wood density [17] . We did not observe shifts in CWM wood density, probably because in Southeast Asia the coupling between density and seed size or dispersal mode is weaker than in the Neotropics and Afrotropics [20, 48] .
Impacts of large mammals on seedling survival via trampling or herbivory are often patchy and highly localized. Our findings demonstrate how animals could affect small-scale forest regeneration and community composition. Elephants, for example, can cause substantial damage to understory vegetation in a single visit to our research plots, but have large home ranges and are unlikely to remain in the same area for rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172882 very long [49] . Our camera traps detected elephants (though infrequently) in the vicinity of our research plots, suggesting that seedling mortality in control plots was representative of the potential damage to seedlings by large-bodied herbivores.
In isolation (i.e. without accounting for interactions with logging), short-term experimental defaunation did not affect seedling diversity or seedling trait distribution. However, the combined influence of mammal herbivory and logging led to increased mortality of large-fruited seedling genera. Logging is an ongoing threat to tropical forests in Malaysian Borneo and beyond [50, 51] . A greater understanding of the long-term and indirect impacts of selective logging on plant -herbivore interactions is necessary owing to the potential consequences for ecological processes and functional traits associated with forest regeneration.
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